INTRODUCTION

RESULTS 136
The AW-box is enriched in -1 to 500 bp upstream regions among fatty acid biosynthetic genes in A. 137 thaliana 138 Maeo et al. (2009) reported the AW-box (5'-CNTNG(N)7CG-3'; N = A, T, C or G) to be present in 139 promoter regions upstream the ATG start codon and close to the transcriptional start site (TSS) in 19 out 140 of 46 searched FAS genes. This suggests that the AW-box is statistically enriched in upstream regions of 141 genes of the FAS pathway. We therefore quantitatively evaluated the presence of the AW-box in A. 142 thaliana gene models for the set of 52 Arabidopsis genes annotated by the ARALIP database to be involved 143 in FAS (annotation 'Fatty Acid Synthesis') (Li-Beisson et al., 2013) relative to the genomic background 144 (Table 1) . AW-box pattern matches were collected within five different search windows of 500 bp size, 145 defined relative to the position of the start codon as well as the stop codon of each gene model (Table 1) . 146
Any number of pattern matches per searched sequence was counted as a hit. For each of the searched 147 genomic regions, the mean expectation value of hits per 52 sampled genes can be derived from the 148 genome wide frequency of hits (Table 1) . For the region -1 to -500 bp upstream ATG, 10.5 hits are expected 149 per 52 sampled genes (Table 1) , which is very similar to the expectation values of randomized controls 150 (Table 1) , confirming that the genome wide frequency of AW-box hits is according to random chance 151 expectation (Table 1) . In contrast to the mean expectation of 10.5 hits, 30 hits were found for the -1 to -152 500 bp upstream region of the 52 FAS genes, which means the AW-box is substantially enriched above 153 the genomic background (hypergeometric p-value 3 x 10 -9 , Table 1 ). For the other genomic regions that 154 were probed, the number of hits for sampling the 52 FAS genes was always very close to the mean 155 expectation number, i.e. the AW-box was not over-represented relative to the background expectation 156 (Table 1) . Since for the -1 to -500 bp upstream region the mean expectation (10.5) amounts to 35 % of the 157 detected number of hits (30), a substantial fraction of the 30 observed hits could be false positive. Given 158 this level of anticipated spurious AW-box hits we supposed that identification of WRI1 targets could 159 benefit from a phylogenetic footprinting approach as well as from testing individual binding sites in a 160 medium throughput fashion by a quantitative in-vitro DNA binding assay for AtWRI1 (Liu et al., 2019) . Fig.  161 1 summarizes a workflow developed in this study which lead to the identification of numerous highly 162 conserved AW-sites with in-vitro binding affinity to WRI1 protein, and therefore identifies likely WRI1 163 genes targets in A. thaliana, mostly within central metabolism. 164
Synteny analysis across 12 Brassicaceae genomes 165
To allow testing for enrichment of the AW-box across orthologous promoter regions, genomic 166 information for 12 species within the Brassicaceae family was collected from public available sources, 167 including A. thaliana, which was designated as the annotated reference organism (Table 2) . To define sets 168 of syntenic ortholog genes we first compared the A. thaliana genome to each of the other genomes in a 169 pair-wise fashion by using the SynOrths tool (Cheng et al., 2012) . For all species between 70 and 94 % of 170 the protein encoding gene content was found in ortholog gene sets (Table 2) , which is similar to the 68 to 171 92 % of A. thaliana gene orthologs reported for Brassicaceae genomes (Haudry et al., 2013) and confirms 172 that Brassicaceae genomes tend to be highly syntenic. All pairwise orthology relations were further 173 aggregated into 25545 sets of orthologous genes (Supplemental Fig. S1 ). Each ortholog gene set is 174 identified by the A. thaliana gene locus within the set. 175
The AW-box is significantly enriched across orthologous upstream regions of 915 A. thaliana genes 176 and particularly for many genes of glycolysis and lipid biosynthesis 177
Next, the AW-box pattern was searched for in all 12 Brassicaceae species in 543076 genomic 178 regions between -1 and -500 bp upstream the translational start of protein encoding genes (Table 2) . 179 Across all 12 searched genomes the AW-box was present for in-between 19.5 and 23 % of upstream 180 sequences, which is similar to the frequency of 20.2 % that derives from the gene counts in in A. thaliana 181 (Table 2 ). In assuming that true functional AW-box sites tend to be conserved across species, over-182 representation of AW-box hits among orthologous upstream regions (OURs) was tested for based on the 183 cumulative hypergeometric probability function (Methods). The False Discovery Rate (FDR) was estimated 184 based on re-determination of the hypergeometric p-values if the pattern search was repeated with 185 random shuffled upstream sequences (Supplemental Fig. S2A ). For a p-value threshold of 3.02 x 10 -4 the 186 empirical FDR was limited to 5 %. In this case 915 ortholog gene sets were judged to be significantly 187 enriched with the AW box (Supplemental Fig. S2A ). Accordingly, for 915 associated A. thaliana genes the 188 AW-box is likely conserved, which is 6 times fewer than the 5540 AW-box hits that are obtained if only A. 189 thaliana upstream regions are searched (Table 1 ). This indicates that the enrichment analysis can 190 discriminate between conserved AW-box sites and spurious ones. Exploration of sequence alignments 191 among AW-sites identified in the 915 ortholog gene sets revealed a substantial degree of conservation 192 (Supplemental Fig. S3C-E ). However, it is unclear if one can expect that the majority of the 915 discovered 193 ortholog gene sets identify true functional WRI1 binding sites. We concluded that this is unlikely to be the 194 case since repeating the AW-box enrichment analysis with base substitutions and permutations of the 195 AW-box search pattern consistently resulted in close to 790 significance calls (Supplemental Fig. S2B ). 196 among in-vitro WRI1 binding AW-sites (positions 17, 18) . In contrast to the specific binding AW sites of 229 the left peak of Fig. 2 , no consensus beyond the 5 invariable bases of the AW-box is detectable for the 33 230 remaining sites of lower binding affinity (Fig. 2 ), suggesting that these instances are spurious pattern 231 matches. To clearly demonstrate that the AW-box consensus alone does not reliably identify WRI1 binding 232 sequences, we synthesized 10 additional 28 bp sized DNA fragments, the sequences of which were 233 sampled from a pseudo-randomized DNA sequence background (33% G+C content), searching for an 234 extended 28 nc AW-box pattern 5'-(N)7CNTNG(N)7CG(N)7-3'. In MST binding assays, only two kd values 235 were just below 200 nM (150 nM, 185 nM), while 5 of the DNA fragments were judged to be non-binding 236 (Supplemental Table S4 , measurements 157-166). 237
AW-boxes that bind WRI1 tend to be phylogenetically conserved 238
For this study we defined A. thaliana as the reference species and sequence conservation was Table S4 ) and in-vivo 244 functionality to drive WRI1 dependent gene expression has been thoroughly characterized for both sites 245 3A was applied to all AW-sites discovered in Fig. 2 by in-vitro binding assays ( Supplemental Table S5 ). From 250 the 73 A. thaliana genes with upstream AW-sites examined, 53 have at least one site classified to bind 251 WRI1 specifically. Conservation was assessed by tracking only sites with specific binding activity (kd < 200 252 nM) and expressed as species conservation ratio, which is the number of species in which an in-vitro 253 binding AW-site is conserved divided by 12 (total number of species). In result, in 79% of cases (42) the 254 species conservation ratio is ≥ 0.8 ( Fig. 3C ). Many cases where the value of the species conservation ratio 255 is below one can be explained by missing orthologs or the ortholog gene discovery process having missed 256 to detect an ortholog in a species. 257
If A. thaliana AW-box sites that are conserved and specifically bind WRI1 in-vitro are true 258 functional sites, then one should expect that WRI1 binding affinity is also well preserved, i.e. that variation 259 in AW-site sequences across orthologs should have only minor effects on WRI1 binding. We therefore 260 selected 5 A. thaliana AW-sites (PKpβ1 at upstream position -148; BCCP2, -29; KASI, -58; PGLM1; -231;  261 PGLM2, -164) which are conserved in all 12 species of this study ( Supplemental Table S5 ) to measure WRI1 262 affinities so we could compare them between aligned orthologous sequences ( Fig. 4A-D) . Due to the high 263 degree of conservation, not all orthologous sequences were measured. All sequence variants of the 18 bp 264 AW-box were evaluated. In all, 29 kd values that were measured for sequences in Fig. 4A -D fall well below 265 the dissociation constant defined in Fig. 2 as a threshold for specific binding (i.e. kd < 200 nM), showing 266 that for conserved AW-box sites the WRI1 binding affinity tends to be conserved as well ( Fig. 4E ). 267
While exploration of conservation of AW-box sites in this study is focused on the phylogenetic 268 range of Brassicaceae, the AW-box can also be shown to be conserved within the flowering plants, as 269 demonstrated for plastidic phosphoglycerate mutase in Fig. 4D Table S7 ). Supplemental Fig. S6 documents the 276 high similarity in protein sequences among the PGLM orthologs described in Supplemental Table S7 . Close 277 inspection of the genomic regions upstream ATG for the 12 identified orthologous PGLM genes revealed 278 a conserved AW-box motif ( Fig. 4D ) and all of the aligned sequences showed specific binding activity. A 279 more extensive sequence alignment of PGLM upstream AW-box regions from 19 species is shown in 280 
AW-boxes that bind WRI1 locate close to the transcriptional start site and associated genes tend to be 283
co-expressed with WRI1 284
It has been shown for several organisms, including A. thaliana, that authentic cis-regulatory 285 elements tend to be localized in proximity of the TSS (Yu et al., 2016) . Accordingly, Fig. 5A shows that the 286 62 AW-sites that were identified to specifically bind WRI1 in-vitro (Kd < 200 nM, Fig. 2 ) are positioned close 287 to the TSS. In addition to positional preference, it was assessed whether the genes for which in-vitro 288 binding AW-sites were identified are co-expressed with WRI1. WRI1 is mainly expressed during seed 289 development with a characteristic bell-shaped expression pattern (Ruuska et al., 2002) . The expression 290 pattern of targets that follow the expression of WRI1 should therefore be positively correlated. Fig. 5B  291 shows that, during seed development, the expression of the 53 gene targets for which specific in-vitro 292 binding of AW-boxes to WRI1 was found (Kd < 200 nM) tends to be positively correlated with the 293 expression of WRI1. 294
Conserved WRI1 gene targets map to central metabolism 295
Overall, the motif and gene enrichment workflow shown in Fig. 1 identified 53 A. thaliana gene 296 loci as putative WRI1 gene targets. For each gene at least one AW-box site has been characterized as 297 specific in-vitro binding to WRI1 and to be conserved (Supplemental Table S5 ). Examples of this set of 298 genes are highlighted in Table 4 (Sequence logos in Supplemental Fig. S4 ). In addition, we examined other 299 genes with relevance to central metabolism, FAS and TAG biosynthesis that might have been missed by 300 the enrichment workflow (Supplemental Table S6 ). For example, enoyl-CoA reductase (ENR) and Ketoacyl-301 ACP Synthase II (KASII) both are core components of FAS and single copy genes in A. thaliana, but no AW-302 sites were found by the workflow. Manual inspection of genomic sequences revealed AW-box sites 303 positioned further upstream the ATG start than the genome wide applied search window of 1 to 500 bp 304 upstream the ATG start. These sites were shown to specifically bind WRI1 in the in-vitro assay and to be 305 well conserved ( Supplemental Table S6 ). With this manual curation of two genes, conserved in-vitro 306 binding AW-box sites are found for all steps in FAS between pyruvate kinase and Acyl-ACP thioesterase, 307 the step that releases free fatty acids ( Supplemental Table S10 ). Also, gene targets of the OPPP were 308 inspected as this pathway is likely to contribute reducing equivalents to FAS. All manually curated cases 309 are listed in Supplemental Table S6 and some are highlighted in Table S6 were 311 mapped onto central metabolism ( Fig. 6 ). All reactions and genes shown in the figure are identified in 312 Supplementary Table S9 . For 60 of 284 shown genes the AW-box was found enriched across ortholog 313 upstream regions and in-vitro binding AW-sites were found ( Fig. 6 ). In 46 of these cases in-vitro binding 314 AW-sites are highly conserved, with the species conservation ratio above 0.8. 315
This study was based on a highly degenerate binding pattern. The quantitative determinations of 316 WRI1 DNA binding affinity in this study allow for defining WRI1 DNA binding specificity, useful for further 317 computational motif searches. Of the 204 kd values determined by MST ( Supplemental Table S4 ), 97 are 318 less than 25 nM. Supplemental Table S9 lists position specific base frequencies for the resulting consensus 319 and a Sequence logo emerging from these sequences is shown in Supplemental Figure S11 . 320
321
DISCUSSION 322
The transcription factor WRI1 is as a master regulator of lipid accumulation in developing seeds 323 of A. thaliana and other plants (Cernac and Benning, 2004; Kong and Ma, 2018) . While WRI1 is known to 324 directly transcriptionally activate genes in FAS, we hypothesized that additional enzyme steps for sucrose 325 catabolism between sucrose synthase and pyruvate kinase might also be direct targets. To increase 326 confidence for identification of cis regulatory elements, a comparative genomics approach might be 327 useful. Former studies have indicated that intragenomic comparison between A. thaliana and close 328 relatives has the potential to discover a conserved cis regulome. regulatory motifs and to be under selective pressure (Haudry et al., 2013) . Here we developed a genome-333 wide analysis workflow to identify A. thaliana AW-box sites that are phylogenetically preserved across 334
Brassicaceae species, followed by pathway analysis and quantification of WRI1 binding affinity by an in-335 vitro DNA binding assay ( Fig. 1 ). While this process does not provide direct evidence of in-vivo 336 functionality, multiple lines of evidence support the utility of our approach: 1) Our workflow identified a 337 number of well-characterized AW-box sites for BCCP2, KASI, PKp-ß1 and SUS2 (Maeo et al., 2009) (Table 4 ) 338 along with genes controlling all steps of FAS ( Supplemental Table S10 ). 2) Conservation of the AW-box 339 sequences indicates that they are under purifying selection. For 5 select cases we demonstrated that WRI1 340 binding activity that was measured for A. thaliana AW-sites is retained in phylogenetically conserved 341 orthologous AW-box sites in the other Brassicaceae species investigated ( Fig. 4) . 3) For 53 A. thaliana gene 342 loci identified herein, 62 high-affinity AW-binding sites were located close to the TSS (Fig. 5A ), consistent 343 with findings by Fukuda et al. (2013) , suggesting that the in-vivo functionality of AW-box sites strongly 344 depends on their proximity to the TSS. 4) Most of the 53 genes associated with the in-vitro AW-sites 345 binding are co-expressed with WRI1 during seed development ( Fig. 5B ). 346 Besides the canonical components of FAS, Beta Carbonic Anhydrase 5 is a likely WRI1 target (BCA5, Table  352 4) and might therefore be of general relevance for FAS. AtBCA5 has been shown to be targeted to the 353 chloroplast (Fabre et al., 2007) . We propose that the enzyme might be required for conversion of CO2 to 354 bicarbonate (HCO3 -) when FAS operates at high rates. This is because within FAS, acetyl-CoA carboxylase 355 (ACC) and ketoacyl-ACP synthase (KAS) create a cycle of carboxylation and decarboxylation where ACC 356 requires bicarbonate (HCO3 -) as a substrate (Li-Beisson et al., 2013) while KAS releases CO2. In support of 357 a requirement for carbonic anhydrase for high FAS rates, specific BCA inhibitors have been shown to 358 inhibit FAS in developing embryos of cotton (Gossypium hirsutum) (Hoang and Chapman, 2002) . 359
Similar to the concerted control of most genes encoding FAS enzymes by WRI1, a contiguous 360 lower section of glycolysis is recognized as being controlled by WRI1 ( Fig. 6 ; Table 4 , 5), including the 361 plastidic phosphoglycerate mutase (PGLM1, PGLM2) and two subunits of plastidic pyruvate kinase (PK), 362 plastidic and cytosolic enolase (Eno) as well as the phosphoenolpyruvate/phosphate translocator (PPT1). 363
A similar coherent pathway section can be recognized in pyrophosphate dependent phosphofructokinase 364 (PFP), the cytosolic isoforms of fructose bisphosphate aldolase (FBA), triose phosphate isomerase (TPI) 365
and NAD-glycerol-3-phosphate dehydrogenase (GPDH) (Fig. 6 ). In other pathway sections seen in the 366 upper half of glycolysis and the PPP evidence for WRI1 control is more sparsely distributed. However, 367 some new gene targets in the upper section of the pathway yield some insights on possible modes of 368 functioning of this complex and redundant network during seed oil deposition. For example, sucrose is 369 cleaved by invertase or sucrose synthase. In either case fructose is obtained, which in turn can be 370 transformed by hexokinase (HXK) or fructokinase (FRK) into fructose 6-phosphate (F6P) ( Fig. 6 ). Among 5 371 HXK and 7 FRK genes identified by our motif and gene enrichment workflow, only FRK3 was identified as 372 a likely WRI1 target (Table 4 , chloroplast localized FRK in Fig. 6 ). This finding can be rationalized with 373 respect to a recent complete biochemical and genetic characterization of the FRK gene family in A. 374 thaliana (Stein et al., 2016; Riggs et al., 2017) . While no severe seed phenotype was found for the single-375 KO mutation of FRK3, a FRK1-FRK3 double-KO mutation resulted in a severe wrinkled seed phenotype 376 with strong reduction in seed oil content (Stein et al., 2016) . In conclusion, while our approach singled out 377 FRK isoform 3 as a new WRI1 target, the genetic evidence shows that seed oil synthesis depends 378 predominantly, although not exclusively, on contributions of this specific isoform. In addition to FRK3 we 379 identified plastidic phosphoglucose isomerase (PGI1) as a putative WRI1 target (Table 4, 2002). We identified several OPPP-associated genes as likely WRI1 targets (see Table 5 , Fig. 6 ): 389 Transketolase (TKL1), transaldolase (TA2), and two isoforms of 6-phosphogluconate dehydrogenase PGD3 390 and PGD1, the two of which accumulate both in the cytosol and the chloroplast (Holscher et al., 2016) . 391
Based to the GenomicusPlants web resource (Louis et al., 2015) , PGD1 and PGD3 result from a whole 392 genome duplication event at the basis of the Brassicaceae. One AW-box site appears to be conserved for 393 both genes ( Supplemental Table S6 ) and is also found more widely conserved across dicot species 394 (Supplemental Fig. S9 ). WRI1 binding assays also implicate functional AW-sites for isoforms of glucose 6-395 phosphate dehydrogenase, but less well conserved (G6PD4, Table 5 ). 396
During seed storage synthesis, chloroplast biosynthetic activities might depend on the movement 397 of hexose carbon between cytosol and chloroplast. Our analysis implicates related transport functions to 398 be controlled by WRI1 ( (Table 5 ) and some of the orthologous sites were found to bind WRI1 in-vivo, hinting at functional 408 relevance of GPT2 in oil synthesis. However, the sites in GPT2 of A. thaliana and three other species are 409 divergent from the AW-box consensus and did not bind in the in-vitro WRI1 binding assay (Supplemental  410   Table S6 ), making it more ambiguous as to whether GPT2 is controlled by WRI1. In addition to GPT2, we 411 found a conserved AW-box in the promoter of the plastidic glucose translocator (PGLCT) (Weber et al., 412 2000) ( Table 5 , Fig. 6 ). The PGLCT has been implicated to be involved in photo-assimilate export from leaf 413 chloroplasts when starch mobilization takes place in the dark (Cho et al., 2011) . If this transporter has a 414 role in a heterotrophic context in seed development during oil accumulation, it likely facilitates entry of 415 glucose into the chloroplast rather than export. In support of this idea, isolated chloroplasts of Brassica 416 napus developing embryos have been shown to have the ability to take up glucose with a saturation 417 kinetics consistent with transporter facilitated uptake (Eastmond and Rawsthorne, 1998) . Moreover, the 418 uptake capacity of embryo chloroplasts was substantially higher than that of isolated leaf chloroplasts 419 (Eastmond and Rawsthorne, 1998) . 420
In addition to the importance of transport of hexose phosphates or hexose across the chloroplast 421 envelope for oil synthesis, the cytosolic glycolysis pathway has been deemed to be important for seed (Grimberg et al., 2015) . In addition, ROD1 expression was found to be reduced in the wri1 wri3 wri4 446 mutant . Another TAG biosynthetic enzyme putatively under direct control of WRI1 and 447 involved in TAG synthesis is Glycerol 3-phosphate dehydrogenase, which provides the glycerol backbone 448 for TAG. In A. thaliana, two cytosolic isoforms (AT2G41540, AT3G07690) have been identified (Shen et al., 449 2006 ) as well as one plastidic one AT5G40610 (Wei et al., 2001) . Remarkably, we have found indications 450 for control by WRI1 for all three genes (Fig. 6) . 451
The transcription factor WRI1 is positioned towards the end of a gene regulatory cascade 452 governing seed development and storage accumulation. WRI1 is likely under direct control of LEAFY 453 COTYLEDON1 (LEC1), LEAFY COTYLEDON2 (LEC2) and FUSCA3 (FUS3) (Fatihi et al., 2016) . Data presented 454 herein suggests that WRI1 directly controls its own regulator, LEAFY COTYLEDON1 (Table 4) , implying a 455 condition of positive or negative autoregulation. In addition, LEAFY COTYLEDON1-LIKE (L1L) ( Table 5) as 456 well as the basic leucine zipper transcription factor 67 (bZIP67) ( Table 4) Table 5 ). 461
Conclusions 462
The motif and gene enrichment workflow applied in this study identified numerous known WRI1 463 targets related to oil synthesis in addition to a battery of additional genes, including those coding for 464 enzymes for the conversion of sugars to pyruvate and enzymes in the TAG biosynthesis sub-network. 465
While this study was mostly limited to the Brassicaceae family, we provided exploratory examples of AW-466 sites being deeply conserved in other plant families (Supplemental Fig. S7-S9 ). In this work we 467 demonstrate that a workflow based on the identification of phylogenetically conserved binding sites along 468 with highly quantitative in-vitro binding assays can be a powerful approach to identify potential regulatory 469 networks. The analysis presented herein can be generally applied to other TFs and expanded to other 470 plant families. 471
The GO term and pathway analysis stage of the genome analysis workflow (Fig. 1 ) narrowed down 472 the initial enriched gene set to 73 putative WRI1 targets that belong to specific pathways in seed oil 473 synthesis. It is likely that there are additional targets of WRI1 that are outside of oil biosynthesis (Kong et 474 al., 2017; Liu et al., 2019) , and that it might be important to explore these if WRI1 is to be used for 475 metabolic engineering of oil production (Kong et al., 2019) . Such additional targets might have been 476 excluded in the pathway enrichment step of our process. Further refinements of the comparative 477 genomics approach presented herein might be helpful to identify such targets. Another aspect of 478 functional overlap not explored here is cuticular wax biosynthesis. It has been shown that A. thaliana 479 WRINKLED4, a close homolog to WRI1, regulates cuticular wax biosynthesis and has many gene targets in 480 common with WRI1 (Park et al., 2016) . Since Fig. 6 shows three WRI1 gene targets related to wax/cutin 481 synthesis it would be interesting to use the same approach to evaluate WRINKLED4 gene targets and 482 investigate its regulatory overlap with WRI1. Supplemental Table S1 ). For 12 Brassicaceae species used in this 491 study, files for genome sequences, protein sequences and genome annotation (General Feature Format, 492 GFF) were retrieved from sources listed in Supplemental Table S1 . In-house generated PERL and PYTHON 493 scripts were used to process and analyze the sequence information. Data processing and analysis was also 494 information (GFF files) was accessed at NCBI from sources as listed in Supplemental Table S1 . 531
Mining of genomic DNA sequences 532
Nucleotide sequences 500 bp upstream of the ATG start codon were extracted for each protein 533 encoding gene locus and for each genome of the 12 Brassicaceae species. For this purpose, GFF files 534 ( Supplemental Table S1 ) were mined for genomic coordinates of start codons. The tool gffread (Trapnell 535 et al., 2010) was then used to extract DNA sequences from -1 to -500 nt upstream the start codon from 536 genomic sequences. In case of A. thaliana, sequences were extracted only for one gene model per locus 537 (representative gene models). In particular, for each gene in the sequence file 538 "TAIR10_upstream_500_translation_start_20101028" ( Supplemental Table S1 ) start codon positions 539 were identified from sequence headers and matched to one gene model version in the TAIR10 gff file 540 (genomic feature "protein"). This allowed to define genomic coordinates for regions upstream and 541 downstream the transcriptional start codon and downstream the stop codon for each representative gene 542 model. 543
Search of DNA sequences for string pattern matches 544
Searching DNA sequences for all occurrences of a string pattern was done using an in-house tool. 545
The search tool was tested for accuracy by comparing search outputs with the outputs of another pattern 546 search tool (http://www.bioinformatics.org/sms2/dna_pattern.html) (Stothard, 2000) . For each A. 547 thaliana gene locus different genomic regions (Upstream and downstream ATG start, intron sequences, 548 downstream stop codon) were searched for occurrence of the AW-box (5'-CNTNG(N)7CG-3', N = A, C, T or 549 G) in both sense and antisense directions. Overlapping motif hits were recognized. For further processing, 550 detected motif matches were recorded along with the gene ID and genomic position of the searched 551 sequence as well as the position and orientation of detected sequences relative to the ATG start. 552
Collection of AW-box sites and assessment of sequence conservation 553
Nucleotide sequences 500 bp upstream of the ATG start codon from 12 Brassicaceae species were 554 searched for the AW-box binding consensus in both strands and matches were recorded with adjacent 555 sequence context as 18 nc sequences (5'-NNCNTNG(N)7CGNN-3'). To trace conserved motif instances, 556 AW-box sites found in A. thaliana upstream regions were compared to sites found in OURs (pairwise un-557 gapped alignments). We considered sequence conservation to be given if two motif instances were 558 identical in orientation relatively to the ATG start and if the sequence comparison of the two 18 nc 559 sequences had at least 14 identities (77.8 % identity). This identity threshold was empirically derived by 560 comparison of randomly generated AW-box sites, given a 33.2 % G+C content as found in upstream 561 regions of A. thaliana (Supplemental Fig. S3A ). The mean expectation of identities between two random 562 sampled AW-box sites was 8.613 and 14 or more identities were obtained for 0.2 % of comparisons, i. e. 563 the by-chance probability to judge two random AW-sites to be conserved is 0.002 (Supplemental Fig. S3A ). 564
Conserved sequences from multiple pairwise comparisons between an A. thaliana AW-box site and 565 orthologous sites were aggregated into sets of conserved sequences and further into sets of conserved 566 species (Supplemental Fig. S3B ). The number of conserved species divided by 12 (total number of assessed 567 species) is the species conservation ratio. If AW-box site binding affinity to WRI1 protein was measured, 568 the species conservation ratio was determined by only tracking conservation of specific binding AW-sites. 569
Sequence logos and computation of information content 570
Sequence logos were created using the WebLogo version 2.8. frequencies when using small datasets, a pseudo-count value of 0.0001 was used. 579
Enrichment analysis of presence of AW-box motifs in different Arabidopsis genome features 580
To model the occurrence of a motif in gene regions of uniform size (e.g. 500 bp upstream the ATG 581 start codon), the hypergeometric distribution was applied. One or more matches of the AW-box motif 582 were counted as a motif hit. If among a total population N (total number of searched gene regions) there 583 are K motif hits, then the probability to find m motif hits in a sub-set of n searched gene regions is given 584 by the probability mass function for the hypergeometric distribution: 585
To assess the expected value for m AW-motif hits among the n = 52 FAS genes, P(X=m) was computed for 587 m ranging within zero and 52 by using the respective Microsoft EXCEL® spreadsheet function 588 (HYPGEOM.DIST). From the results the approximate range of m for which 99.9 % of the observations are 589 to be expected (99.9 % confidence interval) was determined symmetrically around the mean expectation 590 value for m (nK/N). 591
To test for enrichment of the AW-box across sets of OURs, the cumulative hypergeometric 592 probability mass function was applied. Here N is the number of protein-encoding genes for which 500 bp 593 upstream regions were searched among all 12 genomes and K is the total number of AW-box hits. In case 594 of overrepresentation (m ≥ n*K/N), the probability of observing m or more AW-box hits within a sample 595 of n genes (ortholog group size) is given by: 596
(2). 597
The false positive rate was estimated with an empirical null model: All p-value computations were 598 repeated after randomization of the upstream sequences, using the tool "fasta-shuffle-letters" from the 599 MEME suite (Bailey et al., 2009). For a given significance threshold, t, the number of significance calls for 600 the randomized sequence data (p-value ≤ t), divided by the number of significance calls for the 601 unperturbed sequence data was taken to be the False Discovery Rate (FDR). 602
To test for enrichment of the AW-box in A. thaliana intron sequences, the sequence file 603 "TAIR10_intron_20101028" was searched. Since the searched DNA sequences were not of uniform size, 604 the hypergeometrical model was not applied. An estimation for the frequency of motif matches by chance 605 was done based on random shuffling of the intron sequences for the 52 FAS genes. 606
Pathway and GO-term enrichment analysis 607
The test for gene enrichment in pathways was done using equation 2 to assess the probability of 608 observing m or more A. thaliana genes for which the AW-box is conserved across OURs within a set of n 609 genes representing a pathway. In this case N is the number of ortholog gene sets and K the number of A. 610 thaliana genes for which the AW-box was significantly enriched across OURs. Only pathway genes that 611 are part of the background set N were counted. Adjustment for multiple hypothesis testing was done by 612 multiplying the p-values with the total number of gene sets tested for (Bonferroni correction). Only gene 613 sets with 2 or more members were counted. (sample size n) was tested for with the Student's t-test for n-2 degrees of freedom with critical t-values 629 derived from correlation coefficients as described by Olson (1987) . 630
Microscale thermophoresis 631
Specific binding of AW sites by AtWRI1 was measured by MST (Seidel et al., 2013) . A genetic 632 construct combining the coding region responsible for DNA binding, green fluorescent protein (GFP) and 633 a HIS-tag (AtWri150-240-GFP-HIS) was expressed in E. coli and the protein purified as described before (Liu 634 et al., 2019) . Thermophoretic assays were conducted using a Monolith NT.115 apparatus 635 (NanoTemperTechnologies, South San Francisco, CA; nanotempertech.com). Assay conditions were as 636 previously (Liu et al., 2019) . dsDNA oligomers were hybridized using a thermal cycler. For determining a 637 dissociation constant (kd), 16 reactions were prepared: 8 nM of-AtWRI158-240-GFP was incubated with a 638 serial (1:1) dilution of the ligand (dsDNA) from 1.25 µM to 38.81 pM or from 6.25 µM to 190 pM. Samples 639 of approximately 10 μl were loaded into capillaries and inserted into the MST NT.115 instrument loading 640 tray. All thermophoresis experiments were carried out at 25 °C using 40% MST power and 100% or 80% 641 LED power. The data were fitted with the NanoTemper Analysis software v2.2.4. To ensure reproducibility, 642 any series of measurements performed at one day included a reference DNA probe (Ligand 10, 643 Supplementary Table S4 ). For this ligand the average binding affinity (Kd) out of multiple series of 644 measurements was 7.0 ± 3.5 nM. In each series of measurements, kd values given by the analysis software 645 were only accepted if the response amplitude was within about ± 20 % of the response amplitude 646 measured for the reference DNA probe (Supplemental Fig. S10 ). Otherwise, the DNA fragmented was 647 Supplemental Table S1 : Sources for genomic information. 668 Supplemental Table S2 : Enrichment of the AW-box motif in genomic features of genes encoding for fatty 669 acid biosynthesis in Arabidopsis thaliana 670 Supplemental Table S3 : GO term and pathway enrichment for 915 A. thaliana genes for which the AW-671 box is significantly enriched in upstream regions across orthologs. 672 Supplemental Table S4 : Analysis of binding affinity of DNA fragments to AtWRI1 by Microscale 673 Thermophoresis (MST). 674 Supplemental Table S5 : Conservation of the AW-box motif in regions upstream ATG for 12 brassicaceae 675 species (73 genes identified by pathway analysis). 676 Supplemental Table S6 : Conservation of the AW-box motif in regions upstream ATG for 12 brassicaceae 677 species (21 additional genes). 678 Supplemental Table S7 : Syntenic gene analysis for genomic regions close to 2,3-bisphosphoglycerate-679 dependent phosphoglycerate mutase (PGLM) in 11 species. 680 Supplemental Table S8 : Identification and details on Arabidopsis thaliana genes shown in Figure 6 . 681 Supplemental Table S9 : Positional Frequency Matrix (PFM) for 97 AW-box sites with measured kd values 682 of less than 25 nM (MEME format). 683 Supplemental Table S10 . AW-box motif found for genes in the A. thaliana genome encoding components 684 related to fatty acid biosynthesis. 685 Table 1 . Enrichment of the AW-box motif in genomic features of genes encoding for fatty acid 711 biosynthesis in Arabidopsis thaliana. For all protein encoding genes, regions relative to the start or stop 712 codon were searched for the AW-box motif. Presence of the AW-box (AW-box hits) within the set of 52 713 FAS genes was modeled by the hypergeometric distribution based on the genome wide background. 714
More details and controls see Supplemental Table S2 . n/a n/a n/a 1 average GC content close to 33 %; 2 The frequency of hits is different from the upstream regions, which 716 is explainable by differing GC contents in these regions. See additional controls for variability on GC 717 content in Supplemental Table S2A . 3 Sequences were randomly shuffled using the "fasta-shuffle-letters" 718 tool from the MEME suite (Bailey et al., 2009) with default settings; 4 pseudo-random 500 bp sequences 719 generated with the FaBox online tool (http://users-720 birc.au.dk/palle/php/fabox/random_sequence_generator.php) (VILLESEN, 2007) were generated using 721 the average GC content in the -1 to -500 bp upstream sequences as input (33%). 722 723 724 CT-α (Carboxyltransferase α-subunit, AT2G38040) 1 x 10 -11 1 70.2 ± 9.4 0.86** 1.00 DGAT2 (Diacylglycerol acyltransferase 2, AT3G51520) 5 x 10 -9 1 39.0 ± 9.1 0.80** 0.92 ENO1 (Enolase, AT1G74030) (p) 5 x 10 -10 1 10.3 ± 6.7 0.84** 0.92 ENO2 (Enolase, AT2G36530) (c) 5 x 10 -6 1 13.4 ± 3.7 0.57 0.92 FRK3 (Fructokinase, AT1G66430) (p) 1 x 10 -9 1 85.2 ± 32.8 0.64* 0.92 GPDHC1 (glycerol-3-phosphate dehydrogenase, AT2G41540) (c) 5 x 10 -11 1 81.7 ± 15.5 0.23 0.92 GPDHC1 (glycerol-3-phosphate dehydrogenase, AT3G07690) (c) 7 x 10 -8 1 105.2 ± 30.8 0.79** 0.83 KASI (Ketoacyl-ACP Synthase I, AT5G46290) 3 x 10 -11 2 1.7 ± 1.2 0.84** 1.00 LEC1 (Leafy Cotyledon 1, AT1G21970) 2 x 10 -7 1 4.3 ± 1.4 0.92** 0.75 PFP-ß (pyrophosphate dependent phospho-fructokinase (c) ßsubunit, AT1G12000) 4 x 10 -10 1 53.9 ± 12.0 0.67* 0.92 PGI1 (phosphoglucose isomerase, AT4G24620) (p) 4 x 10 -5 1 2.9 ± 0.6 0.63* 0.92 PGLM1 (phosphoglyceromutase, AT1G22170) (p) 7 x 10 -6 1 1.9 ± 1.3 0.91** 0.75 PGLM2 (phosphoglyceromutase, AT1G78050) (p) 1 x 10 -9 2 6.7 ± 4.1 0.87** 1.00 PII (PII/GLNB1 homolog, AT4G01900) (p) 2 x 10 -10 2 9.6 ± 4.1 0.83** 1.00 PKp-ß1, (Plastidic pyruvate kinase β1 subunit, AT5G52920) 1 x 10 -11 2 12.2 ± 6.9 0.88** 1.00 PKpα (Pyruvate kinase α-subunit, AT3G22960) ( Table  797 S7, Supplemental Fig. S6, 7) . E, Box-plot showing the total range (black), interquartile range (blue) and 798 median (red) of all 29 kd values obtained for analysis of DNA fragments in A to D. Aligned sequences and 799 kd values can be found in Supplemental Table S5 . Sequence logos were generated with WebLogo (Crooks 800 et al., 2004) . 801 (Table 3) . Using Microscale thermophoresis, equilibrium dissociation constants (Kd) were 865 determined for 90 DNA targets, representing 95 putative WRI1 binding sites (AW-box sites) which are 866 present upstream the genes. For sequence data and measurement values see Supplemental Table S4,  867 measurements 1-86 and 189-192. Inset: Sequence logos of AW-box sites from measured DNA 868 fragments, separated according to ranges of kd values. Sequence logos were generated with WebLogo 869 (Crooks et al., 2004) . sequences for AW-sites in 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase (PGLM1, 890 PGLM2) conserved within Brassicaceae species and outside were analyzed (see also Supplemental Table  891 S7, Supplemental Fig. S6, 7) . E, Box-plot showing the total range (black), interquartile range (blue) and 892 median (red) of all 29 kd values obtained for analysis of DNA fragments in A to D. Aligned sequences and 893 kd values can be found in Supplemental Table S5 . Sequence logos were generated with WebLogo (Crooks  894  et 
